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Memory T cells display a distinct metabolic profile compared to effector T cells. In this issue of Immunity,
O’Sullivan et al. (2014) report that memory T cells activate a ‘‘futile cycle’’ of de novo fatty-acid synthesis
and concurrent fatty-acid oxidation to generate ATP for cell survival.T cells are primary cells that respond to
antigens and thus are central regulators
of adaptive immune responses. Aberrant
T cell function results in a multitude of pa-
thologies including autoimmunity. There
are multiple different types of T cells
with different metabolic requirements.
Naive T cells (Tn) rapidly proliferate into
effector T cells (Teff) when challenged
with an antigen during infection. After
the infection is curtailed, the majority of
Teff cells undergo cell death (i.e.,
contraction phase) with a few surviving
long-lived memory T cells (Pearce et al.,
2013). If a similar infection occurs, then
memory T cells can be reactivated,
rapidly expanding into Teff cells to
quickly control the infection.
Tn cells are quiescent cells that catabo-
lize nutrients to generate ATP for cell sur-
vival and engage in anabolic functions
to maintain homeostasis (MacIver et al.,
2013). By contrast, rapidly proliferating
Teff cells uptake nutrients such as
glucose to produce ATP and NADPH, as
well as de novo lipids and nucleotides—
macromolecules necessary to generate
two daughter cells (MacIver et al., 2013).
Anabolic functions require ATP and
NADPH. Teff cells increase the rate of
glycolysis and mitochondrial metabolism
to sustain the high anabolic needs of
proliferating Teff cells. Glucose and gluta-
mine serve as primary carbon sources to
fuel glycolysis and mitochondrial meta-
bolism to generate metabolites that are
precursors for macromolecule biosyn-
thesis (Michalek et al., 2011; Wang et al.,
2011). Aside from metabolism simply re-
sponding to the anabolic demands of
proliferating cells, metabolism also dic-
tates signaling. Notably, the glycolytic
enzyme GAPDH and mitochondrial
generated reactive oxygen species con-
trol effector T cell cytokine production
(Chang et al., 2013; Sena et al., 2013).By contrast, memory T cells are not
rapidly proliferating and thus do not have
high anabolic requirements. However,
memory T cells need to efficiently catabo-
lize nutrients to maintain long-term cell
survival. A critical question is how
these long-lived memory T cells maintain
their bioenergetic needs to maintain cell
survival.
In this issue of Immunity, O’Sullivan
et al. (2014) investigated the metabolic
pathways that support survival of memory
T cells. Previously, their laboratory had
shown that memory T cells display high
levels of fatty-acid oxidation bymitochon-
dria to produce ATP compared to Teff
cells for long-term cell survival (van der
Windt et al., 2012). Fatty-acid oxidation
generates almost three times more
ATP than glucose oxidation by mito-
chondria, and thus it is a robust mecha-
nism to generate ATP. But where do
memory T cells acquire fatty acids to
conduct fatty-acid oxidation? Their orig-
inal assumption was that memory T cells
simply uptake fatty acids from their envi-
ronment. Conceptually this makes sense
since memory T cells reside in adipose
rich tissues. Thus, they were surprised
that compared with Teff cells, memory
T cells obtained significantly less fatty
acids from the environment. Memory
T cells displayed a decrease in the surface
expression of CD36, necessary for fatty-
acid uptake, compared with Teff cells,
thus providing a potential mechanism
for differences in the rate of fatty-acid
uptake between memory T cells and Teff
cells. Fatty acids acquired by Teff cells
are stored in lipid droplets and there-
fore are not used to generate ATP by
mitochondrial fatty-acid oxidation. By
contrast, memory T cells do not increase
fatty-acid uptake even in a setting of
increased fatty-acid oxidation. Conse-
quently, O’Sullivan et al. questionedImmuwhat the source of fatty acids is to drive
the heightened levels of fatty-acid oxida-
tion in memory T cells, since memory
T cells do not acquire fatty acids from
the environment to increase the rate
of fatty-acid oxidation. The authors
reasoned that because memory T cells
display no increase in extracellular fatty-
acid uptake, then de novo fatty-acid syn-
thesis might provide the necessary fatty
acids to generate mitochondrial ATP
through fatty-acid oxidation. To test this
hypothesis, O’Sullivan et al. utilized C75,
an inhibitor of the fatty-acid synthase—
an enzyme necessary for fatty-acid syn-
thesis—and observed that C75 increased
memory T cell death. C75 did not impair
Teff cell survival but diminished Teff cell
proliferation. These results indicate that
de novo fatty-acid synthesis is essential
for memory T cell survival and Teff cell
proliferation (Figure 1). Next, the authors
probed whether glucose-derived citrate
was one of the major cellular carbon sour-
ces for de novo fatty-acid synthesis in
both memory T and Teff cells. Glucose
generates pyruvate that becomes acetyl-
CoA to enter the TCA cycle. TCA cycle in-
termediates acetyl-CoA and oxaloacetate
generate citrate, which can be exported
into the cytosol for de novo lipogenesis
(Menendez and Lupu, 2007). The cyto-
solic enzyme ATP-citrate lyase (ACLY)
converts citrate into acetyl-CoA and
oxaloacetate. The former is a precursor
for lipogenesis, whereas the latter is uti-
lized for de novo nucleotide synthesis.
Unexpectedly silencing ACLY protein by
RNAi did not impair cell survival of
memory T cells but did decrease Teff
cell proliferation. Hence, it is possible
that memory T cells generate cytosolic
acetyl-CoA through other metabolites
than citrate. Notably, acetate can be con-
verted into to acetyl-CoA by the enzyme
acetyl-CoA synthetase. Gut bacteria cannity 41, July 17, 2014 ª2014 Elsevier Inc. 1
Figure 1. Memory T Cells Engage in Fatty-Acid Synthesis and Oxidation
Following immune exposure, naive T cells rapidly increase uptake of glucose and glutamine to engage in anabolic glycolytic and mitochondrial metabolism that
supports Teff cell proliferation and cytokine production as the Teff cell response subsides, memory T cells engage a futile cycle of fatty-acid synthesis and
subsequent fatty-acid oxidation. In this cycle, de novo synthesis of fatty acids are stored in the lysosome, where they are liberated by lysosomal acid lipase
(LAL) and shuttled into the mitochondria for ATP generation by fatty-acid oxidation to sustain prolonged memory cell survival.
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Previewsgenerate acetate, thus possibly linking the
microbiome to memory T cells.
At this point, the authors recognized
that some of their findings displayed an
inherent contradiction. Classically, free
fatty acids produced by a cell are quickly
diverted into triglyceride storage in adipo-
cyte-like droplets to prevent toxic effects
of high levels of free fatty acids. However,
in the case of memory T cells, O’Sullivan
and colleagues had observed no appre-
ciable accumulation of lipid droplets.
The authors then reasoned that a
nonclassical pathway of fatty-acid stor-
age was being used and identified
increased activity of lysosomal acid lipase
(LAL) in memory T cells along with
elevated lipid levels localizing to the lyso-
some. These data strongly suggested that
memory T cells in contrast to Teff cells
activate a lysosomal-based lipid storage
and degradation pathway. Next, using
small hairpin RNA silencing of LAL in fully
activated T cells, the authors showed that
memory T cells required LAL to liberate
free fatty acids from storage for the robust
fatty-acid oxidation in the mitochondria.
Finally, the authors demonstrated that
loss of LAL activity during an immune2 Immunity 41, July 17, 2014 ª2014 Elsevierresponse greatly reduced the amount of
memory T cells produced, which was
due to a decrease in survival of memory
T cells.
Collectively, these data support the
idea that activation of the ‘‘futile cycle’’
where fatty-acid synthesis with concur-
rent fatty-acid oxidation is required for
proper maintenance of memory T cells
(Figure 1). From a bioenergetic perspec-
tive, this is an inefficient use of macronu-
trients because these cells must first use
ATP and NADPH to synthesize the fatty
acids that ultimately will be used to
generate ATP. There are biochemical
mechanisms to prevent the futile cycle
from arising. An early step in fatty-acid
synthesis is the generation of malonyl-
CoA, which prevents fatty acid import
into the mitochondria as it increases in
concentration (Foster, 2012). Although
O’Sullivan et al. did not decipher the
biochemical basis as to how memory
T cells evade this regulatory cell, the pos-
sibility is raised that long-lived cells might
utilize the futile cycle to maintain their sur-
vival. It will be of interest to examine
whether certain long-lived stem cells,
cancer initiating cells, or senescent cellsInc.utilize the futile cycle to maintain long-
term cell survival. It is important to note
that it is formally possible that memory
T cells within a population do not neces-
sarily engage in a futile cycle but oscillate
between fatty-acid synthesis and fatty-
acid oxidation.
Going forward, it will be meaningful to
decipher what the metabolic advantage
is of engaging the futile cycle for memory
T cells. Here we speculate two possibil-
ities. First, memory T cells might employ
the futile cycle to concurrently maintain
robust mitochondrial oxidative meta-
bolism and glycolysis. This has the poten-
tial advantage of allowing memory T cells
the capacity to rapidly use glycolytic and
mitochondrial metabolism following a re-
encounter with antigen for rapid prolifera-
tion and cytokine production. Second,
memory T cells might decide that reliance
on extracellular fatty acids could be risky
because fatty-acid levels vacillate de-
pending on the tissues where they reside.
Thus, memory cells decide to take up
glucose, an abundant nutrient in the blood
that is tightly regulated to maintain levels
between 5 and 6 mM, in order to generate
de novo fatty acids for mitochondrial ATP
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cell survival. Hence, O’Sullivan et al.
have not only uncovered an interesting
observation for the burgeoning field of
immunometabolism but also raised stim-
ulating questions for biochemists to think
about regulation of metabolic pathways.
Specifically, biochemists will have to
incorporate futile metabolic pathways in
trying to understand how nutrients fulfill
the metabolic demands of cells.
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T regulatory (Treg) cells enforce peripheral tolerance through regulation of diverse immune responses in a
context-specific manner. Okoye et al. show one way that Treg cells suppress Th1 cell responses is through
nonautonomous gene silencing mediated by microRNA-containing exosomes.T regulatory (Treg) cells employ a diverse
set of mechanisms to enforce peripheral
tolerance, reflecting both the complexity
and plasticity of immune responses.
Mechanisms of suppression include pro-
duction of immunomodulatory cytokines
(e.g., interleukin-10 [IL-10], transforming
growth factor-b [TGF-b], IL-35), the
expression of inhibitory receptors (cyto-
toxic T lymphocyte antigen 4 [CTLA-4]),
cytokine sinks (e.g., IL-2 receptor a
chain), direct cytotoxic killing (granzymes,
perforin), and several others (Shevach,
2009). These mechanisms have been
validated by the identification of human
and murine genetic defects that disable
individual pathways, leading to immune
dysregulation and autoimmunity. More
recently, context-specific inhibition has
emerged as a strategy to finely tune the
regulation of specific T helper cell
responses. Treg cells appropriate partial
or ‘‘aborted’’ forms of the transcriptionalprograms of respective target T helper
(Th) cell types by expressing their master
transcription factors and coopting their
function (Chaudhry et al., 2009; Zheng
et al., 2009). For example, in the case of
a Th1 cell response, Treg cells upregulate
the expression of T-bet, which in turn in-
duces the expression of some Th1-cell-
related genes such as CX3CR1 but not
others, enabling Treg cells to migrate to
sites of Th1-cell-mediated inflammation
while restraining their differentiation into
Th1 cells (Koch et al., 2012).
In this issue of Immunity, Okoye et al.
(2014) add to this list another mechanism
of suppression, that of nonautonomous
gene silencing mediated by miRNA-
containing exosomes. Exosomes are 40–
100 nM vesicles that are generated by
the inward invagination of endosomal
membranes to generate intraluminal vesi-
cles in multivesicular bodies (Raposo and
Stoorvogel, 2013). The latter are traffickedto the cell membrane by a Rab family
GTPase-dependent mechanism where
the exosomes are released. Exosome
formation may proceed by a mechanism
involving the endosomal sorting complex
for transport, a set of conserved proteins
involved in lysosomal and exosomal traf-
ficking, or by an alternative mechanism
involving lipid raft segregation in a cer-
amide-dependent manner. The capacity
of exosomes to transfer miRNA and
mRNA has been verified in many cell
types (Robbins and Morelli, 2014). Okoye
et al. (2014) extended this concept to Treg
cells by first identifying them as prolific
producers of exosomes, whose release
was hypoxia sensitive and required
Rab27a and Rab27b GTPases and cer-
amide. Importantly, Treg cell exosomes
were laden with miRNA, the profile
of which was distinct from those of Th1
and Th2 cells. The authors directly
demonstrate that Treg cell exosomesnity 41, July 17, 2014 ª2014 Elsevier Inc. 3
